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Abstract 

Arrays of acoustic receivers are an integral part of present and potential future Cherenkov neutrino telescopes in the deep sea. They 
measure the positions of individual detector elements which vary with time as an effect of undersea currents. At the same time, the 
acoustic receivers can be employed for marine science purposes, in particular for monitoring the ambient noise environment and 
the signals emitted by the fauna of the sea. And last but not least, they can be used for studies towards acoustic detection of ultra- 
high-energy neutrinos. Measuring acoustic pressure pulses in huge underwater acoustic arrays with an instrumented volume of the 
order of 100 km"* is a promising approach for the detection of cosmic neutrinos with energies exceeding 1 EeV. Pressure signals are 
produced by the particle cascades that evolve when neutrinos interact with nuclei in water, and can be detected over large distances 
in the kilometre range. In this article, the status of acoustic detection will be reviewed and plans for the future — most notably in the 
context of KM3NeT — will be discussed. The connection between neutrino detection, position calibration and marine science will 
be illustrated. 
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1. Introduction 

"Of all the forms of radiation known, sound travels through 
the sea the best" 1 1 J. Hence, sound is used in the sea by marine 
mammals and by humans for purposes of communication and 
positioning. It is important for astropartide physics that sound 
waves are furthermore emitted when the local medium heats 
up following the interaction of a neutrino in water. As will be 
elaborated in Sec.|2] this effect allows for the detection of ultra- 
high-energy neutrinos. Apart from the design of the detector, 
the energy threshold is essentially determined by the relatively 
high ambient noise in the sea and by the small signals expected 
from neutrino interactions. 

The acoustic detection of neutrino reactions in principle is 
possible in any dense homogeneous medium. In addition to 
water and ice, which are the media of acoustic detection test 
experiments presently or recently conducted, acoustic detection 
in salt domes |2, 3| and in permafrost |4| has been discussed. 
In this article only the detection of neutrinos in water will be 
covered in detail, in particular in the context of interdisciplinary 
research and the use of sound in Cherenkov neutrino telescopes 
for the position calibration of the optical detectors. In Sec.l3]an 
overview of current and recent test setups for the investigation 
of acoustic neutrino detection techniques is given and in Sec. HI 
the acoustic background present in the Mediterranean Sea will 
be discussed. Monte Carlo simulations required to investigate 
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acoustic detection of neutrinos are discussed in Sec. |5] while 
interdisciplinary use of the data from deep sea acoustic arrays 
is the subject of Sec. l6] An outlook on the use of acoustics for 
position calibration and the next step of neutrino detection tests 
in KM3NeT is given in SeclTlbefore in SeclSlconclusions and 
an outlook are given. 

2. Acoustic Detection of Neutrinos 

Measuring pressure pulses in huge underwater acoustic ar- 
rays is a promising approach for the detection of ultra-high- 
energy (UHE) neutrinos with energies exceeding 100 PeV, in 
particular cosmogenic neutrinos. The pressure signals are pro- 
duced by the particle showers that evolve when neutrinos inter- 
act with nuclei in water. The resulting energy deposition in a 
cylindrical volume of a few centimetres in radius and several 
metres in length leads to a local heating of the medium which 
is instantaneous with respect to the hydrodynamic time scales. 
This temperature change induces an expansion or contraction 
of the medium depending on its volume expansion coefficient. 
According to the thermo-acoustic model ISJIS), the accelerated 
expansion of the heated volume — a micro-explosion — forms a 
pressure pulse of bipolar shape which propagates in the sur- 
rounding medium. Coherent superposition of the elementary 
sound waves, produced over the volume of the energy deposi- 
tion, leads to a propagation within a flat disk-like volume (of- 
ten referred to as pancake) in the direction perpendicular to the 
axis of the particle shower After propagating several hundreds 
of metres in sea water, the pulse has a characteristic frequency 
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spectrum that is expected to peak around 10 kHz ||71[8]|9l. As 
the attenuation length in sea water in the relevant frequency 
range is about one to two orders of magnitude larger than that 
for visible light, a potential acoustic neutrino detector would 
require a less dense instrumentation of a given volume than an 
optical neutrino telescope. 

3. Test Setups for Acoustic Neutrino Detection 

Current or recent test setups for acoustic neutrino detection 
have either been add-ons to optical neutrino telescopes or have 
been using acoustic arrays built for other purposes, typically 
for military use. In the context of the DUMANEQ experiment, 
ideas about adding a large scale acoustic detector to a deep- 
sea optical neutrino telescope were already considered in the 
1970s 1 10|. As the DUMAND experiment was not realised be- 
yond a prototype phase, acoustic particle detection was subse- 
quently pursued by the parasitic use of military arrays. In an 
early effort starting in 1997 by the SADCCjj collaboration, a 
Russian Navy stationary antenna near Kamtchatka consisting 
of 2400 hydrophones was used for acoustic particle detection 
studies 1 1 1 1 — see also [ 12'] and references therein. 

An overview of experiments in salt water, fresh water and 
ice that are currently taking data or have done so until recently 
is given in Table [T] Below, the individual projects will be dis- 
cussed in some more detail. 

The SPATS (Soutli Pole Acoustic Test Setup) project lEl 
[TSJI . deployed up to a depth of 500 m in the upper part of four 
boreholes of the IceCube Neutrino Observatory, has continu- 
ously monitored the noise in Antarctic ice at the geographic 
South Pole since January 2007. As acoustic properties, in par- 
ticular the absorption length and the speed of sound, have been 
subject to fewer experimental studies for ice than for water, 
these properties have been instigated with SPATS 11911201 . Based 
on 8 months of observation, a limit on the neutrino flux above 
10" GeV has been derived Ii21il . see Fig.fTl 

In Lake Baikal, an antenna consisting of four hydrophones 
in a tetrahedral arrangement with equal interspacings of the hy- 
drophones of 1.5 m has been placed at 150m depth |22|. Fresh 
water has the advantage over sea water in that the attenuation 
length is roughly one order of magnitude larger in the frequency 
range of 10 to 100 kHz. However, conditions in Lake Baikal 
are not particularly favourable for acoustic neutrino detection, 
since in the deep zone of the lake the water temperature is only 
1.5 - 2°C higher than the maximum density at the respective 
depth Il23ll24l . The thermal expansion coefficient hence is close 
to zero and the Griineisen parameter small. The observed noise 
level depends mostly on surface conditions and in the frequency 
range of 5 to 20 kHz has a value of a few mPa. 
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Figure 1 : Tlie neutrino flux limit of tlie 2009 SPATS configuration (70 mPa 
tlireshold, > 5 hits per event) from 1211. The dark grey band (50 to 100 mPa 
threshold) around the limit considers uncertainties in absolute noise. The even 
broader light grey band includes additional uncertainties due to the choice of 
different acoustic models. Experimental limits on the flux of ultra-high-energy 
neutrinos are from ANITA II 1 261, FORTE [27], GLUE |28|, SAUND II |29|, 
ACoRNE |30|. Different models for the cosmogenic flux are shown t31ii32i . 
Figure adapted from 1211 . 



The OvDE (Ocean noise Detection Experiment) project 
at the site of the NEMCJJ Cherenkov neutrino detector ifTSl 
has performed long term noise studies at 2050 m depth, 25 km 
east of Catania (Sicily) in the Mediterranean Sea at the loca- 
tion 37°30.008'N, 15°23.004'E. Phase I operated from Januai-y 
2005 until November 2006. It employed 4 hydrophones form- 
ing a tetrahedral antenna with side lengths of about 1 m. In an 
analysis carried out with data recorded during 13 months be- 
tween May 2005 and November 2006 |25|, the average acous- 
tic sea noise in the band 20 to 43 kHz was measured as 5.4 + 
2.2 (stat) + 0.3 (sys) mPa (RMS). In 201 1, the deployment of a 
new hydrophone antenna is planned in the context of the NEMO- 
II project. 

The SAUND (Study of Acoustic Ultra-high energy Neu- 
trino Detection) experiment 1 33 1 employed a large hydrophone 
array in the U.S. Navy Atlantic Undersea Test And Evaluation 
Center (AUTEC) ll33l . The array is located in the Tongue of 
the Ocean, a deep tract of sea in the Bahama islands at approx- 
imately 24°30'N and 77°40'W. In the first phase SAUND-I, 
7 hydrophones arranged over an area of ~250 km^ were used 
for studies of UHE neutrino detection. The hydrophones were 
mounted on 4.5 m booms standing vertically on the ocean floor 
at about 1600 m depth. The horizontal spacing between cen- 
tral and peripheral hydrophones was between 1.50 and 1.57 
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South Pole 


Ice 


80 


IceCube|13| 
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Sea Water 
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Table 1: Overview of existing and recent acoustic detection test sites. 

'*' Tile number of iiydrophones was increased from 7 in SAUND-I to 49 in SAUND-II, see text. 



km. After the upgrade of the array, 49 hydrophones that were 
mounted 5.2 m above the ocean floor, at depths between 1340 
and 1880 m were available. The upgraded array spans an area 
of about 20 km x 50 km with spacing of 3 to 5 km. This array 
was used in the second phase SAUND-II. Neutrino flux limits 
were derived with SAUND-I for a lifetime of 195 days |34| and 
for SAUND-II for an integrated lifetime of 130 days [29], see 
Fig.0 

The ACoRNE (Acoustic Cosmic Ray Neutrino Experi- 
ment) project |35| utilises the Rona hydrophone array, situated 
near the island of Rona between the Isle of Skye and the Scot- 
tish mainland. At the location of the array, the sea is about 
230 m deep. The ACoRNE Experiment uses 8 hydrophones, 
anchored to the sea bed and spread out over a distance of about 
1 .5 km. Six of these hydrophones are approximately in mid- 
water, one is on the sea bed while the last one is about 30 m 
above the sea bed. The ACoRNE collaboration has derived a 
flux limit on UHE neutrinos ll30l which is shown in Fig.[T] 

The AMADEUS (ANTARES Modules for the Acoustic 
Detection Under the Sea) project ll36l was conceived to per- 
form a feasibility study for a potential future large-scale acous- 
tic neutrino detector in the Mediterranean Sea. For this pur- 
pose, a dedicated array of acoustic sensors was integrated into 
the ANTARESJ^ neuti-ino telescope |T6l. A sketch of the de- 
tector, with the AMADEUS modules highlighted, is shown in 
Figure l2] The detector is located in the Mediterranean Sea at 
a water depth of about 2500 m, roughly 40 km south of the 
town of Toulon at the French coast at the geographic position 
of 42°48' N, 6° 10' E. ANTARES was completed in May 2008 
and comprises 12 vertical structures, the detection lines. Each 
detection line holds up to 25 storeys that are arranged at equal 
distances of 14.5 m along the line. A standard storey holds three 
Optical Modules, each one consisting of a photomultiplier tube 
inside a water-tight pressure-resistant glass sphere. A 13th line, 
called the Instrumentation Line (IL), is equipped with instru- 
ments for monitoring the environment. It holds six storeys. 

Within the AMADEUS system [36J , acoustic sensing is in- 
tegrated in the form of acoustic storeys that are modified ver- 
sions of standard ANTARES storeys, in which the Optical Mod- 
ules are replaced by custom-designed acoustic sensors. Dedi- 
cated electronics is used for the amplification, digitisation and 
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Figure 2: A sketch of the ANTARES detector. The six acoustic storeys are 
highlighted and a photograph of a storey in standard configuration is shown. 
L12 and IL denote the 12th detection line and the Instrumentation Line, respec- 
tively. 



pre-processing of the analogue signals. Six acoustic sensors 
per storey were implemented, arranged at distances of roughly 
1 m from each other. The AMADEUS system comprises a to- 
tal of six acoustic storeys: three on the IL and three on the 
12th detection line (Line 12). In the following, results from the 
AMADEUS device will be presented. 

As the upper part of each line is not fixed but instead moves 
with undersea currents, ANTARES also contains a dedicated 
acoustic positioning system to continuously monitor the posi- 
tions of the Optical Modules. Efforts for KM3NeT are going 
in the direction of designing one common acoustic system for 
both applications, as will be discussed in Sec. IT] 

4. Acoustic Background in the Mediterranean Sea 

4.1. Ambient Background 

Ambient noise, which can be described by its character- 
istic power spectral density (PSD), is caused by environmen- 
tal processes and determines the minimum pulse height that 



can be measured, if a given signal-to-noise ratio (SNR) can 
be achieved with a search algorithm. To measure the ambi- 
ent background at the ANTARES site, data from one sensor 
on the IL taken from the beginning of 2008 until the end of 
2010 were evaluated. After quality cuts, 27905 minimum bias 
samples (79.9% of the total number recorded in that period) 
remained for evaluation, each sample containing data contin- 
uously recorded over a time-span of ~10s. For each of these 
samples, the noise PSD (units of V^/Hz) was integrated in the 
frequency range f - 10-50 kHz, yielding the square of the am- 
bient noise for that sample, as quantified by the output voltage 
of the hydrophone. Preliminary studies using the shower pa- 
rameterisation and algorithms from [8J indicate that this range 
optimises the SNR for the expected neutrino signals. 

The frequency-of-occurrence distribution of the resulting 
noise values, relative to the mean noise over all samples, is 
shown in Fig. [3] Also shown is the corresponding cumulative 
distribution. For 95% of the samples, the noise level is below 
2(o"noise), demonstrating that the ambient noise conditions are 
stable. 
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Figure 3: Frequency-of-occurrence distribution for tlie ambient noise in the 
range 10 - 50 kHz, relative to the mean ambient noise recorded over the com- 
plete period of three years which was used for the analysis (left scale, filled 
histogram). Also shown is the cumulative distribution, normalised to the total 
number of entries of the distribution (right scale, dotted line). 

All sensors have been calibrated in the laboratory prior to 
deployment. The absolute noise level can be estimated by as- 
suming a constant sensor sensitivitjPlof - 145 + 2 dB re 1 V/|^Pa. 
With this value, the mean noise level is {a-^oise) - 10.1;^2mP^ 
with the median of the distribution at 8.1 mPa. 

Currently, the detection threshold for bipolar signals corre- 
sponds to a SNR of about 2 for an individual hydrophone. For 
this SNR, the median of the noise distribution corresponds to 
a signal amplitude of ~15 mPa, equivalent to a neutrino energy 
of ~1.5EeV at a distance of 200m |7|. By applying pattern 
recognition methods that are more closely tuned to the expected 
neutrino signal, this threshold is expected to be further reduced. 



The ambient noise is originates mainly from the sea surface and hence 
displays a directivity which has to be folded with the variations of the sensitivity 
over the polar angle to obtain an effective average sensitivity. For the results 
presented here, the noise has been assumed to be isotropic. 



4.2. Transient Sources 

Transient sources, e.g. from sea mammals and shipping traf- 
fic, may create signals containing the characteristic bipolar pulse 
shape that is expected from neutrino-induced showers. In order 
to reduce the data volume, the AMADEUS system employs an 
online pulse-shape-recognition trigger which is sensitive to the 
bipolar pulse expected from neutrino interactions. This trig- 
ger selects events with a wide range of shapes. For further of- 
fline data reduction, a classification scheme is being developed 
which allocates triggered events to one of four classes: gen- 
uine bipolar events that are compatible with signals expected 
from neutrinos ("neutrino-like events"), multipolar events, re- 
flections of signals from the acoustic emitters of the ANTARES 
positioning system, and random events, where the latter class 
contains all events that do not fit into any of the other classes. 
For the classification, simulated signals representing the four 
classes in equal proportions were produced and a set of features 
extracted which are highly discriminatory between the classes. 
This feature vector is then fed into a machine-learning algo- 
rithm OTI . Classification is performed for the signals from in- 
dividual hydrophones. Subsequently, the results from individ- 
ual hydrophones are combined to derive a classification for a 
given acoustic storey. Several algorithms were investigated, the 
best of which yielded a failure rate (i.e. wrong decision w.r.t. 
simulation truth) at the 1% -level when applied to the two signal 
classes "neutrino-like" and "not neutrino-like". After selecting 
neutrino candidates on the level of a storey, measurements from 
multiple storeys can be combined to search for patterns that are 
compatible with the characteristic "pancake" pressure field re- 
sulting from a neutrino interaction. 

5. Monte Carlo Simulations 

Monte Carlo simulations based on fT, "81 are currently be- 
ing implemented for the AMADEUS detector setup. The pres- 
sure pulse received by a hydrophone resulting from the energy 
deposition of a 10'° GeV is shown in Fig. |4] The correspond- 
ing neutrino interaction was generated such that the centre of 
the hadronic shower for a vertically downgoing neutrino lies 
within the same horizontal plane as the storey denoted "Storey 
2", at a distance of 200 m. This way, the storey lies within the 
"pancake" of the pressure field. On a storey 14.5 m below that 
storey, denoted "Storey 1", no signal is observed. This config- 
uration corresponds to two adjacent acoustic storeys on L12 or 
the two lowermost storeys on the IL, see Fig.l2] This simulation 
illustrates the characteristic three-dimensional pattern expected 
from neutrino-generated pressure waves. A more detailed dis- 
cussion can be found in ll38ll. 



6. Interdisciplinary Cooperation 

Signals from marine mammals and other environmental sour- 
ces constitute background for the acoustic detection of neu- 
trinos. In particular, dolphins emit whistles with frequency 
spectra that resemble those expected from neutrino interactions. 
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Figure 4: Simulated acoustic signals as recorded with hydrophones in two 
acoustic storeys with a vertical spacing of 14.5 m. See text for details. For 
Storey 2, signals from two different hydrophones are shown. 



Dolphins can dive to depths of ~ 500 m and their whistles con- 
stitute the main background of transient signals recorded by 
the AMADEUS pulse shape recognition trigger. On the other 
hand, these signals are of great interest to environmental and 
marine science and the acoustic monitoring of the deep sea 
has a large potential for interdisciplinary research. As a conse- 
quence, efforts for acoustic detection of neutrinos are pursued 
in cooperation with marine scientists who are using the acous- 
tic data for the study of marine mammals 1391 |40l . For the 
acoustic detection of neutrinos, this cooperation helps to under- 
stand and reduce the background from marine mammals. As 
the AMADEUS device provides a constant stream of acoustic 
data to shore — currently a unique feature in the Mediterranean 
Sea — marine scientists are already using the AMADEUS data 
for dedicated research. A live stream of the data from an AMA- 
DEUS hydrophone combined with a real-time analysis focused 
on marine science is available on the Internet BTIl . 

7. Acoustic Sensing for KM3NeT 

The planned tower^of the KM3NeT detector will be free 
to sway and twist in the undersea current with an expected dis- 
placement of up to 150 m at the top for sea currents reaching 
30 cm per second |42|. In order to determine the relative po- 
sitions of the storeys with a precision of not worse than 20 cm 
the detector will be equipped with an acoustic positioning sys- 
tem. The system employs acoustic transceivers on the sea floor 
and acoustic receivers (hydrophones) in each storey. By per- 
forming multiple time-delay measurements and using these to 
triangulate the positions of the individual hydrophones, the hy- 
drophone positions can be reconstructed relative to the positions 
of the emitters. Reliable, low-power and cost-eflicient emitters 
operating in the range 20-40 kHz are under development 1 43 1 . 




(a) 



(b) 



The vertical structures of the KM3NeT detector holding optical sensors are 
called towers. 



Figure 5: |(a)| Acoustic piezo sensor for installation inside a DOM and a 
DOM with installed sensor |(b)| Prototype of a hydrophone for KM3NeT, to 
be mounted on the bar structure near the DOM. 



The KM3NeT positioning system is based on experience of 
the systems developed for ANTARES, see 1^ |45l and refer- 
ences therein. Sampling will be done at about 200k samples 
per second and aU data will be written to shore. This way, al- 
gorithms for the position calibration, running on an on-shore 
computer farm, can be adapted to in-situ conditions that may 
affect the shape of the received signal. Furthermore, the data 
can be used for additional analyses, such as acoustic detection 
of neutrinos, see e.g. I.12J and references therein, or marine sci- 
ence investigations. 

Two types of acoustic sensors, both based on the piezo- 
electric effect, are currently tested. They are shown in Fig. |5] 
The first kind are standard hydrophones, i.e. a piezo ceramic 
and a preamplifier coated with polyurethane for high pressure 
water tightness. The second kind are compact units of a piezo 
ceramic and a preamplifier, glued to the inside of the glass 
sphere of the DOM near its "South Pole". This design has been 
tested within AMADEUS. The advantages w.rt. to standard hy- 
drophones are lower costs and a reduction of the number of 
failure points: no additional cables and junctions are required 
and the sensor is not exposed to the aggressive environmental 
conditions. Disadvantageous on the other hand is a reduced an- 
gular acceptance and the vulnerability of the system to electric 
interferences with the PMTs in the same sphere. A KM3NeT 
prototype Detection Unit planned to be deployed in 2012 will 
contain both types of sensors and will allow for a design deci- 
sion, see also |46j|. 

8. Conclusions and Outlook 

Acoustic detection is a promising approach for a future large 
volume detector of UHE neutrinos. To investigate the feasibil- 
ity and potential of such a detector, several experiments have 
been performed or are underway. These experiments use either 
existing military acoustic arrays or are additions to Cherenkov 
neutrino telescopes. Their sizes are far too small to yield com- 
petitive limits on the flux of UHE neutrinos but they allow for 
the investigation of experimental techniques for a future acous- 
tic neutrino detector and for the investigation of background 
conditions, which are the essential factor that determines the 
feasibility of such a device. At the same time, the continous 
stream of data from the deep sea provided by deep-sea acoustic 
arrays is of great interest for marine scientists for the study of 
sea mammals. 



Background conditions in the Mediterranean Sea have been 
monitored by the AMADEUS system within the ANTARES 
neutrino telescope. The ambient background was found to be 
stable at the expected level. The transient background is very 
diverse and stems mainly from dolphins and shipping traffic. 
Methods for its suppression are under development, as are Monte 
Carlo simulations and algorithms for neutrino selection. 

For the proposed KM3NeT neutrino telescope, a combined 
system for acoustic position calibration of the photomultipli- 
ers and neutrino detection is planned. For the latter purpose, it 
would be an intermediate step towards an even bigger acoustic 
detector for UHE neutrinos. 
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